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ABSTRACT

POST-WILDFIRE BLACK CARBON DEPOSITION ON THE SNOWPACK IN
THE CASCADE RANGE, WASHINGTON STATE: TEMPORAL AND SPATIAL
VARIABILITY WITH IMPLICATIONS FOR ACCELERATED MELT
by
Ted M. Uecker
June 2017

Wildfires in the seasonal snow zone affect both snow accumulation and
ablation patterns by decreasing forest canopy and depositing light absorbing
impurities (LAI) on the snowpack. LAI such as black carbon (BC), burned woody
debris, and dust reduce snow albedo (reflectance), accelerate melt, and affect
the timing and availability of water resources. Charred trees in post-wildfire
forests provide a significant source of BC that is deposited on the snowpack for
years following a wildfire, and this effect varies with burn conditions and forest
structure. Snow samples were gathered from five sites of varying burn age (0.7,
2.7, 3.8, and 9.8 years) and burn severity throughout the Cascade Mountain
Range in Washington State to characterize the spatial and temporal variability of
LAI deposition and quantify changes in reflectance by LAI. BC and other LAI
concentrations in snow samples were measured using a Single Particle Soot
Photometer (SP2), gravimetric filtration, and spectroradiometer analysis. These
analyses demonstrate that the greatest BC deposition is localized to high burn
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severity areas, and decreases significantly within ten years of a wildfire.
Spectroradiometer data demonstrate that BC has the strongest effect on reduced
albedo per unit mass of all impurities. SNOTEL data from Table Mountain
indicates that complete snowmelt occurs an average of 48 days earlier in postwildfire forests, compared to pre-fire conditions and regardless of temperature.
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CHAPTER I
INTRODUCTION

The snowpack serves an important role in the earth system by modulating
climate and providing a major reservoir of water resources. One property that
affects the duration of the snowpack is the albedo of snow [Warren and
Wiscombe, 1980]. Albedo is the ratio of reflected solar energy to total incoming
solar energy, and a slight reduction in snow albedo can have a significant effect
on the rate and magnitude of snow melt [Hall, 2004; Flanner et al., 2009; Skiles
et al., 2012]. In central Washington State and other regions where a majority of
steam flow comes from the mountain snowpack, the duration and extent of the
seasonal snowpack is directly linked to the availability of water resources [Elsner
et al., 2010; Vano et al., 2010]. There has been an observed decrease in
northern hemisphere snow cover extent and duration since the 1950s, especially
in regions such as the Cascades with a mild winter climate [Mote et al., 2005;
IPCC, 2013]. In addition, climate models project a further decrease of the spring
snowpack in the Cascades throughout the century [Elsner et al., 2010; Miles et
al., 2010].
In the western United States, wildfire frequency, intensity, magnitude, and
duration have increased since the 1970s due to warming climate and earlier
snowmelt [Westerling et al., 2006; Littell et al., 2010; Flannigan et al., 2013].
Over the last century, suppression of large fires and anthropogenic climate
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change have led to a substantially altered fire regime in many western U.S.
forests, with intermittent, high-severity fires replacing frequent, low-severity fires
[Arno, 1980; Smith and Fischer, 1997; Everett et al., 1999]. This effect is
predicted to increase throughout this century with further warming and changes
in precipitation, leading to increased wildfire extent and duration [Westerling et
al., 2006; Littell et al., 2010]. Wildfires in the seasonal snow zone affect both
snow accumulation and ablation patterns by removing the canopy, which
changes wind speed, humidity, and incoming solar radiation [Burles and Boon,
2011; Winkler, 2011; Harpold et al., 2014] and depositing pyrogenic impurities on
the snowpack, which allow greater absorption of solar energy at the surface
[Gleason et al., 2013].
Wildfires and other biomass combustion, along with fossil fuel combustion,
produce a spectrum of particles and aerosols that have both direct and indirect
effects on climate and resources [Hansen and Nazarenko, 2004]. Among these
products are light absorbing impurities (LAI) such as dust, burned woody debris,
and black carbon (BC). LAI deposited on snow and ice darken the surface,
reduce reflectivity, and accelerate melt by increasing the amount of solar energy
absorbed [Ramanathan and Carmichael, 2008]. BC is the strongest lightabsorbing agent produced by wildfires and has been found in high concentrations
in Washington State on glaciers during the wildfire season [Kaspari et al., 2015],
and on the high alpine snowpack following a wildfire [Delaney et al., 2015]. In the
post-wildfire environment, charred snags continue to provide a source of BC and
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other LAI that persists for years to potentially decades following a wildfire. Prior
to this study, no research has investigated how BC and LAI deposition on the
snowpack changes in the years following a wildfire, or how it varies spatially and
with differing forest conditions. In addition, no effort has been made to constrain
the quantity of post-wildfire snowmelt to attributions from canopy change and
BC/LAI deposition.
The overall objective of this thesis is to assess the role that BC and other
LAI play in the post-wildfire environment by characterizing the depositional
behavior of the impurities as well as forest and snowpack conditions. To
accomplish this, I studied post-wildfire forests within the seasonal snow zone
throughout the eastern Cascade Range. These areas generally had similar
species assemblages, elevation, and latitude, but varied in burn age and burn
severity. The acquired data may bring new insights into the timing and magnitude
of BC deposition in post-wildfire forests, and the degree to which different
fractions of the BC combustion continuum affect snow albedo and the timing of
snowmelt.

More specific objectives of the study are:
1. Determine how BC deposition varies over a decade in high-burn severity postwildfire conifer forests
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2. Determine how BC deposition varies with burn severity, including unburned
control areas, unburned locations adjacent to burned forests, and light,
moderate, and high burn severity areas
3. Determine if post-wildfire BC deposition is localized or travels far from the
source
4. Determine if accelerated snowmelt is occurring in the post-wildfire
environment, and to what degree this is due to removal of the canopy during the
wildfire, and deposition of BC and other light absorbing impurities following the
wildfire.

The main hypotheses of the study are:
1. BC deposition will decrease on the snowpack in a forest burned in 2006
compared to a forest burned in 2015 due to the erosion and subsequent removal
of charred material from standing snags. Snag fall rate and decay dynamics
studies show that thin-barked conifers (such as subalpine fir and lodgepole pine)
that dominate the study areas continue to decay for 65-80 years following a fire,
though approximately 50% fall within 7-12 years for <23 cm diameter-at-breastheight (dbh) trees and within 25 years for 23-41 cm dbh trees [Everett et al.,
1999; Dunn and Bailey, 2012].
2. BC concentrations will increase with increasing burn severity, which is
classified by Monitoring Trends in Burn Severity maps of each wildfire area
[mtbs.gov]. MTBS is an interagency project conducted jointly by the USDA Forest
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Service and the United States Geological Survey that uses Landsat imagery to
characterize burn severity based on the alteration of vegetation and landscape. If
BC concentrations correlate well with burn severity, then predictions could
potentially be made regarding BC deposition in burn areas with prior MTBS data.
3. BC concentrations will vary spatially, but it is unclear how far BC will travel
from the source in a post-wildfire environment. Previous studies show that BC
produced during a wildfire can travel far from the source prior to deposition (e.g.
Bisiaux et al., [2012]), and BC concentrations on the snowpack were elevated
proximal to a wildfire area in the spring following a wildfire [Delaney et al., 2015].
If BC deposition is localized, concentrations will be higher in the immediate
vicinity of a standing snag, though deposition may be affected by wind patterns.
4. Canopy removal during a wildfire and deposition of BC and other LAI postwildfire are contributing factors to accelerated snowmelt in the eastern Cascades,
however BC deposition will influence snowmelt more so than canopy removal.
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CHAPTER II
LITERATURE REVIEW

Light-Absorbing Impurities and Pyrogenic Carbon
Light-absorbing impurities (LAIs) are a classification of natural and
anthropogenic particles that influence the Earth’s energy budget and hydrologic
cycles in multiple ways. These particles include carbon combustion products and
mineral dust, and they have been shown to absorb solar radiation in the
atmosphere, interfere with cloud formation by acting as condensation nuclei, and
reduce the albedo of snow and ice upon deposition, leading to further radiation
absorption [Hansen and Nazarenko, 2004; Andreae and Gelencsér, 2006; Chung
and Seinfeld, 2006; Ramanathan and Carmichael, 2008; Bond et al., 2013]. The
latter effect is known as “snow darkening”, which increases the amount of
incoming solar radiation that is absorbed rather than reflected, resulting in faster
snowmelt [Warren and Wiscombe, 1980]. In addition to increased energy
absorption, LAI impact snowmelt by increasing snow grain size, which further
reduces albedo [Hansen and Nazarenko, 2004; Painter et al., 2012].
Carbonaceous aerosols are produced by the incomplete combustion of fossil
fuels and biomass. This includes industrial processes such as energy production,
manufacturing, and transportation, domestic practices such as wood burning for
heating and cooking, and natural processes such as wildfires. Carbonaceous
aerosols include black carbon (BC) and organic carbon (OC) fractions that have
highly variable chemical and thermodynamic properties [Hansen and Nazarenko,
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2004]. OC particles include soil humics and polycyclic aromatic hydrocarbons
(PAHs), which scatter as well as absorb solar radiation and are capable of mixing
with a variety of atmospheric particles including nitrates and sulfates, leading to a
negative radiative forcing in the atmosphere as well as the aforementioned cloud
interference [Andreae and Gelencsér, 2006; IPCC, 2013]. Mineral dust originates
from arid regions and natural weathering processes, with increases in emission
associated with periods of intense drought, extreme land-use changes, and
wildfires [Tegen et al., 2004]. Dust also affects snow and ice albedo, though it is
typically limited to the range of aeolian deposition near arid and semi-arid regions
[Painter et al., 2007; Kaspari et al., 2015]. The influence of LAI on snow was
recognized as one of the major climate forcing agents in the fourth assessment
report of the Intergovernmental Panel on Climate Change [IPCC, 2008], however
there is still large uncertainty in quantifying this effect presented in the fifth
assessment report [IPCC, 2013].
This thesis will primarily focus on LAIs produced by wildfires, with the
carbon fraction of these LAI referred to as pyrogenic carbon. Pyrogenic carbon
(PyC) is the classification given to a continuous spectrum of particles produced
by incomplete biomass combustion or pyrolysis, ranging from slightly charred
plant structures and charcoal, to a range of OC species, as well as refractory BC
(Figure 1) [Hedges et al., 2000; Preston and Schmidt, 2006]. PyC particles share
an origin from incomplete combustion and insolubility in water, but differ mainly
due to the parent material and temperature of formation [Ruppel, 2015]. Other

7

differences in PyC species include particle size (ranging from mm and larger
down to nm), atomic ratios of hydrogen and oxygen to carbon, composition (from
combustion residue to condensation particle), the presence or absence of plant
or fuel structures, reactivity, and drift range [Andreae and Gelencsér, 2006;
Preston and Schmidt, 2006]. Wildfires in temperate forest ecosystems convert
approximately 70-75% of available biomass to gaseous forms (mainly CO2 with
smaller fractions of CO and CH4) and <1% to PyC, including a small fraction of
refractory BC [Preston and Schmidt, 2006; Dunn and Bailey, 2012; Liu et al.,
2014]. BC, produced by both pyrogenic processes as described above as well as
fossil fuel combustion, is the strongest light-absorbing particle found in nature
and is described in detail in the following section.

Figure 1. The pyrogenic carbon continuum, with SCP referring to spheroidal carbon particles.
Adapted from Hedges et al. [2000], Preston and Schmidt [2006], and Ruppel [2015].
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Black Carbon
Refractory black carbon, referred to in this thesis as black carbon (BC), is
a small condensate particle produced by the incomplete combustion of fossil
fuels, biofuels, and biomass. It is informally referred to as “soot”. BC occurs as
10-1000 nm spherules of aggregated particles consisting of aromatic carbon
rings forming sheets that are structurally similar to graphene (Figure 2) [Bond et
al., 2013; Preston and Schmidt, 2006]. Compositionally, BC resembles an impure
form of near-elemental carbon, with minor amounts (<15% by mass) of hydrogen,
oxygen, nitrogen, and sulfur [Goldberg, 1985; Andreae and Gelencsér, 2006].
The purest form of elemental carbon is graphite, which is formed under high
temperature and pressure over geologic timescales, though it is not a
combustion product and therefore not considered as part of the PyC continuum
[Ruppel, 2015]. BC is chemically inert, resistant to oxidation and decomposition,
and capable of being preserved in the geologic record [Goldberg, 1985]. BC is
sometimes referred to in literature as "elemental carbon", and these two terms
are operationally defined by optical classification and thermochemical
classification, respectively. The term "black carbon" refers to the characteristic
absorption of visible light, while "elemental carbon" refers to thermal or wet
chemical determination of the refractory component.
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Figure 2. Physical structure of black carbon, from layered graphene sheets to an aggregate
particle, from Preston and Schmidt [2006]. Classification of black/elemental carbon and organic
carbon based on thermochemical and optical classification, from Pöschl [2003].

BC is the primary light-absorbing component of PyC; it heats the
surrounding air by converting absorbed light into internal energy and emitting
thermal-infrared radiation [Jacobson, 2004]. BC has a visible light absorption
capacity of 5 m2/g at a wavelength of 550 nm, and emits heat based on the
Stefan-Boltzmann equation:
E = σT4

(eqn. 1)

where E is energy in Wm-2, σ is Boltzmann’s constant (5.67 x 10-8 Wm-2K-4) and
T is temperature in Kelvin [Oliver and Hidore, 2002; Bond et al., 2013]. BC
absorbs energy in the atmosphere and reduces incident radiation to the surface;
the energy absorption by BC at the surface exceeds the atmospheric reduction
leading to a net positive radiative forcing [Ramanathan and Carmichael, 2008].
BC is insoluble in water and other atmospheric aerosol components, highly
refractory (with a vaporization temperature near 4,000 K), and has very low
chemical reactivity [Bond et al., 2013]. The atmospheric lifetime of carbonaceous
aerosols is dependent on the removal rate, which is roughly one week. The short
10

residence time allows researchers to observe acute changes in BC emission
rates and regional concentrations. The primary medium of atmospheric removal
of BC and OC particles is meteoric precipitation, though some hygroscopic
(water-attracting) impurities in carbonaceous aerosols affect the rate of removal
and deposition [Chung and Seinfeld, 2002; Torres et al., 2014].
Annual global emissions of BC are estimated at 8 Tg/yr, with 20% of the
total output from biofuels, 40% from fossil fuels, and 40% from open biomass
burning including wildfires [Ramanathan and Carmichael, 2008]. In the northern
hemisphere, the primary sources of BC are industrial coal burning, diesel
engines, and residential biofuel burning (Figure 3) [Bond et al., 2013]. BC is
estimated to have 55% of the climate forcing capability of CO2 with an effective
increase of 0.3-0.4˚C in the present day relative to pre-industrial times, yet
remains a large source of uncertainty in climate change analyses [Chung and
Seinfeld, 2006; Ramanathan and Carmichael, 2008]. Uncertainties in the effects
of BC on the radiative budget include the timing and magnitude of BC emissions,
as well as the temporal and spatial distribution of BC deposition [IPCC, 2013].
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Figure 3. Global BC emissions allocated by source and latitude, from Bond et al. [2013].

Background on BC Analytical Methodology
There are four primary techniques for measuring BC in snow and ice.
None of these are direct chemical measurements, but rather use the unique
properties of BC and other LAI to quantify each component [Qian et al., 2015].
1) Thermal-optical analysis: The most widely-used method is thermal-optical
(TO) analysis, which measures BC (referred to as elemental carbon, EC), OC,
and total carbon (TC) of a filtered sample by heating the filter and detecting the
carbon content of the gas produced as a function of temperature. EC/OC
separation is determined by optically monitoring any changes in transmittance of
the filtrate, though there is some uncertainty in this separation (e.g. Chow et al.,
[2001]; Szidat et al., [2004]; Zhang et al., [2012]; Cao et al., [2013]; Torres et al.,
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[2014]). This method has limitations for samples that contain dust, which causes
a decrease in reflectance that results in inaccurate EC/OC separation [Wang et
al., 2012].
2) Single Particle Soot Photometer: The Single Particle Soot Photometer (SP2,
Droplet Measurement Technologies, Boulder, Colorado) measures the number
and size of BC particles using neodymium-yttrium aluminum garnet (Nd-YAG)
laser-induced incandescence. Photometers detect the thermal radiation
produced by individual particles as they are vaporized by laser following
nebulization; high and low gain broadband channels detect the signal of smaller
particles, while larger particles are detected by high and low gain narrowband
channels. This relatively new method is advantageous due to the use of small
sample volumes (~5 mL), quick analyses (5 minutes to load and analyze a
sample), and minimal interference from other LAI in the sample (e.g. Gao et al.,
[2007]; Kaspari et al., [2011]; Schwarz et al., [2012]; Menking, [2013]; Torres et
al., [2014]; Wendl et al., [2014]; Mori et al., [2016]).
3) Gravimetric analysis of filtered samples determines mass mixing ratios for all
LAI particles in a sample [Painter et al. 2013]. Used in conjunction with BC
analysis, this provides a ratio of BC mass to total impurity mass.
4) Optical analysis of filtered samples using a spectroradiometer measures the
absorption properties of BC and non-BC components, and is used in conjunction
with snow water equivalent (SWE) to estimate BC mixing ratios [Doherty et al.,
2010].
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These techniques each measure a different set of BC and LAI properties, and
each has limitations and biases when used individually [Qian et al., 2015].
The SP2 is regarded as the best BC analytical technique due to negligible
effects from the presence of other LAI, and it provides a measurement of BC
mass-size distributions, which are not available from other methods. Therefore,
the SP2 was the primary instrument used to measure BC in this study, used in
conjunction with gravimetric and spectroradiometer analysis to compare the
effect of BC and other LAI present in the measured samples.

Climate, Albedo, and the Snowpack
The snowpack plays an important role in modulating climate at the Earth’s
surface. Snow has the highest albedo of any naturally occurring surface on the
Earth, with clean snow measuring 80-90% in the near-UV and visible spectrum
between 300-700 nm [Warren and Wiscombe, 1980]. Albedo is the ratio of light
reflected by a body compared to the total incident light directed at the body. The
total planetary albedo is a combination of atmospheric and surficial albedos,
which constitute 88% and 12% of the planetary albedo, respectively [Donohoe
and Battisti, 2011]. The planetary albedo is a function of the optical properties of
atmospheric matter (e.g. clouds, water vapor, and aerosols) and surficial matter
(e.g. snow/ice, oceans, trees) [Hall, 2004]. The spectral albedo of snow varies as
a function of grain size, solar zenith angle, snowpack density, and the ratio of
direct to indirect solar incidence, also referred to as direct beam and diffuse solar
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radiation, respectively [Warren and Wiscombe, 1980; DeWalle and Rango, 2008;
Painter et al., 2012b]. As grain size increases, albedo decreases in the nearinfrared and shortwave spectrums; as solar zenith angle increases, forward
scattering of photons causes an increase in albedo [Painter et al., 2012b]. The
shortwave albedo of snow controls the rate of ablation; therefore, a reduction in
snow albedo results in reduced surficial albedo that may modify the global
energy budget. Variations in regional climate are largely due to response from
the cryosphere, and most of the variability in mid- and high-latitude planetary
albedo is a direct result of changes in snow and sea-ice cover [Hall, 2004;
Flanner et al., 2009].
Snow also has very low thermal conductivity due to its high air content,
and can act as an insulating barrier. This reduces the transfer of heat between
the atmosphere and the planetary surface and oceans, protecting permafrost and
sea ice from thawing and modulating other aspects of the total energy balance
[Burles and Boon, 2011; IPCC, 2013]. Incident solar radiation has been observed
to permeate up to 10 cm into the snowpack, which could reach the ground in
shallow packs, increasing the ground temperature and snowmelt rate [DeWalle
and Rango, 2008]. The relationship between the different energy fluxes in the
snowpack are modeled by Burles and Boon [2011] using the equation:
Qm = Q* + SHF + LHF + GHF + Qr-Qθ

(eqn. 2)

where Qm is energy available for snowmelt, Q* is net incident radiation on the
snowpack, SHF is sensible heat flux (transfer of heat from air to snowpack), LHF
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is latent heat flux (heat released from condensation and evaporation of water
vapor on the snowpack), GHF is ground heat flux, Qr is advective heat transfer
through rain, and Qθ is the internal energy flux of the snowpack (Figure 4).

Figure 4. Snowpack energy balance, modeled after Burles and Boon [2011]. All units are in W/m
2
except Qθ, which is in W/m d.

2

The net radiation (Q*) in equation 2 is the dominant contributor to energy flux in
forested environments, and is the sum of net shortwave (K*) and net longwave
(L*) radiation fluxes. K* is the sum of incoming and outgoing shortwave radiation,
which is dependent on canopy transmissivity (τc) and snow albedo (α), modeled
by Burles and Boon [2011] with the equation:
K* = Kincident x τc (1- α)

(eqn. 3)

A high proportion (up to 90%) of Kincident that is absorbed by the canopy is
transmitted onto the snowpack as longwave radiation, L*. Snow can absorb
longwave radiation more effectively than shortwave radiation, so there is high
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variability in snow melt rates in conifer forests with intermittent burned areas and
variable canopy density [Burles and Boon, 2011].

Black Carbon and LAI on Snow
The most important effect of LAI on the energy balance of the Earth is
snow darkening, which has greater temperature increase and snowmelt efficacy
than any other anthropogenic climate forcing source [Hansen et al., 2005;
Flanner et al., 2007, Skiles et al., 2012]. LAI have two main effects on snow
albedo: particles incorporated into the snowpack increase snow grain growth,
which is associated with lower albedo, and LAI absorb and transmit energy to the
surrounding snowpack [Hansen and Nararenko, 2004; Painter et al., 2012b].
Very small quantities of LAI such as BC can reduce snow reflectance due to the
large difference in mass absorption coefficients of BC and snow [Warren and
Wiscombe, 1980]. Snow is highly reflective in the visible light spectrum (400-700
nm), so even a small decrease in visible albedo will increase net shortwave
radiation [Gleason et al., 2013].
Melting and subsequent metamorphosis of the snowpack can concentrate
hydrophobic impurities such as BC near the snow surface [Flanner et al., 2007;
Painter et al., 2012; Doherty et al., 2013]. This causes a positive feedback where
a greater quantity of incident solar radiation is absorbed at the surface, leading to
further melt and further LAI concentration. This melt is also amplified by “snow
albedo feedback,” in which the darker underlying surface is exposed by
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snowmelt, absorbing and transferring more energy into the remaining snowpack
[Warren and Wiscombe, 1980; Hansen and Nazarenko, 2004; Flanner et al.,
2007]. The estimated global adjusted radiative forcing attributed to BC in the
snowpack is +0.05-0.15 W/m2, with an associated warming of 0.065-0.24˚C
relative to 1880-2000 [Hansen et al. 2005; Flanner et al., 2007]. A more
representative model of radiative forcing is realized when the data is adjusted to
include only northern hemisphere albedo change, where a 3% reduction in snow
albedo yields radiative forcing estimated at +0.3 W/m2 relative to 1880-2000
[Hansen and Nazarenko, 2004]. Despite these findings, the IPCC still reports
large uncertainty regarding radiative forcing by aerosols (+/- 0.5 W/m2) as well as
the effect of BC snowpack forcing (0.2 W/m2) [IPCC, 2013].

Climate Change and Wildfires
Warming temperatures and earlier snowmelt have led to an increase in
wildfire frequency, size, intensity, and duration in the western U.S. since the
1970’s [Westerling et al., 2006]. Wildfires serve an important role in the nutrient
and carbon cycles of temperate conifer forests by limiting forest density and
converting living biomass and course woody detritus into gaseous forms as well
as pyrogenic carbon that provides habitat and nutrients to these productive
environments [Dunn and Bailey, 2012]. Fire suppression activities in the Cascade
Range and elsewhere have led to an altered fire regime, resulting in increased
forest density and changed species composition, especially in lower elevation
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forests [Arno, 1980; Smith and Fischer, 1997]. This has corresponded with
several high burn severity wildfires on the eastern slope of the Cascade Range
since the 1970s that have created large areas of burned forest exceeding
historical conditions [Everett et al., 1999]. From 2000-2012, 80% of all wildfires in
the western U.S. occurred in the seasonal snow zone, burning 44,000 km2
(Figure 5) [Gleason et al., 2013].

Figure 5. Wildfires in the western U.S. from 2000-2012, including fires in the Cascade Range in
Washington State that were investigated in this study. From Gleason et al. [2013].

Results from climate modeling from the Washington Climate Change
Impacts Assessment (WACCIA) predict that the Pacific Northwest will experience
a temperature increase of 3.0˚C by the 2080s, which will coincide with an altered
precipitation regime that is more rain-dominant [Elsner et al., 2010; Miles et al.,
2010]. These conditions are expected to further decrease the spring snowpack,
with a 38-46% decrease in April 1 snow water equivalent (SWE) in the
19

Cascades, which will extend the dry season by affecting the timing of runoff. The
area burned by fire regionally is projected to increase by 100-250% by the middle
of this century [Elsner et al., 2010; Littell et al., 2010; Vano et al., 2010].
Projecting the impact of these changes requires a better understanding of the
connection between wildfire activity and snowmelt.
Wildfires in the seasonal snow zone affect both snow accumulation and
ablation patterns through two primary processes. First, removal of the forest
canopy during a wildfire reduces snow interception prior to surface deposition,
which may increase accumulation by as much as 70% [Winkler, 2011]. In
addition, canopy removal increases net solar radiation to the surface by as much
as 60%, which increases ablation rates by 50-60%, even when peak snowpack
depth is comparable to unburned conditions (e.g. Winkler, [2011]; Harpold et al.,
[2014]). The second effect of wildfires involves the deposition of LAI and other
pyrogenic debris on the snowpack during and following a wildfire, which lower
albedo and can increase ablation rates. Kaspari et al. [2015] reported elevated
BC and dust concentrations on glacial ice and snow in Washington State during
the wildfire season, resulting in 29-38 mm/day of increased snowmelt. BC
emitted during a wildfire has been shown to travel far from the source, as
demonstrated by Bisiaux et al. [2012] with BC concentrations in Antarctic ice
cores correlated to southern hemisphere low and mid-latitude wildfires. Following
a wildfire, deposition of burned woody debris (charred needles, cones, and bark)
within a burned forest has been shown to reduce albedo by 40% and lead to a
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23-day increase in complete ablation (Figure 6) [Gleason et al., 2013]. In
addition, Delaney et al. [2015] reported elevated BC concentrations in forests
adjacent to burn sites in the year following a wildfire.

Figure 6. (a) Reduced albedo in burned forests relative to unburned forests during the
accumulation and ablation periods. (b) Deposition of debris on the snowpack in burned and
unburned forests. From Gleason et al. [2013].

This prior research has demonstrated that the deposition of burned woody
debris and charcoal on the snowpack reduces snow albedo and accelerates melt
in the post-wildfire environment, but has not accounted for the effect of BC
deposition versus canopy removal in accelerated snowmelt [Winkler, 2011;
Gleason et al., 2013]. Research in Washington State indicates that the highest
observed BC concentrations are on glaciers during the forest fire season and on
the snowpack post-wildfire in burned forests [Delaney et al., 2015; Kaspari et al.,
2015]. However, the degree to which BC from the charred trees contributes to
snow albedo reduction, and whether this effect lessens with age and distance
from the burn site or vary with burn severity had yet to be investigated prior to
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this study. Documenting these parameters will provide important information for
improved water resource and land management, and improved strategies for
meeting ecological and societal water demands. This study may also help
improve snowmelt models, which currently contain large uncertainties in the
energy balance components and do not account for the role that BC has in
accelerating snowmelt [Burles and Boon, 2011].
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Abstract
Wildfires in the seasonal snow zone affect both snow accumulation and ablation
patterns by decreasing forest canopy and depositing light absorbing impurities
(LAI), including black carbon (BC) and burned woody debris, on the snowpack.
LAI can reduce snow albedo, accelerate melt, and affect the timing and
availability of water resources. Snow samples were gathered from five sites of
varying burn age (0.7, 2.7, 3.8, and 9.8 years) and burn severity in the Cascade
Mountain Range in Washington State to characterize the spatial and temporal
variability of LAI deposition. BC concentrations in snow samples were measured
using a Single Particle Soot Photometer (SP2). Gravimetric filtration and
spectroradiometer analyses were conducted to measure the effect of each LAI
on reflectance per unit mass. Charred trees in post-wildfire forests provide a
significant source of BC that is deposited on the snowpack for years following a
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wildfire, and this effect varies with burn age and burn severity. These analyses
demonstrate that the greatest BC deposition is localized, BC concentration
increases by an order of magnitude in high burn severity relative to low burn
severity, and decreases by two orders of magnitude ten years following a wildfire
relative to the first winter post-wildfire. Spectroradiometer data demonstrate that
BC has the strongest effect on reduced albedo per unit mass of all LAI. SNOTEL
data from Table Mountain, WA indicates that complete snowmelt occurs an
average of 48 days earlier post-wildfire (2013-2016) relative to pre-fire conditions
(2008-2012). A comparison with regional SNOTEL stations indicates that
snowmelt has occurred on average 22 days earlier during the 2013-2016 period,
thus the post-wildfire snowmelt effect accounts for 26 days of earlier melt. This
accelerated melt is due to post-wildfire LAI deposition and canopy changes, and
temperature does not appear to be a factor.

1. Introduction
The snowpack plays an important role in the earth system by modulating climate
and providing a major reservoir of water resources. In the western United States,
snowmelt from mountain regions accounts for more than 70% of annual
streamflow [Barnett et al., 2005]. In the Cascade Range in Washington State, a
majority of the annual precipitation falls during the winter to spring and is stored
in the snowpack, with melt runoff transferring water from the relatively wet winter
season to the dry summer [Mote et al., 2005; Elsner et al., 2010; Vano et al.,
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2010]. Therefore, the availability of water resources is strongly related to the
duration of the snowpack. Recent warming has led to a decrease in the extent
and duration of northern hemisphere seasonal snow cover since the 1950s
[IPCC, 2013]. In the western U.S., there has been a widespread decline in the
spring snowpack, and this impact is most pronounced in regions with a mild
winter climate [Mote et al., 2005]. The Cascade Range has such a climate, and
projected changes in temperature and precipitation may result in a 28-30%
decrease in the spring snowpack by the 2020s, and a 38-46% decrease by the
2040s [Elsner et al., 2010; Miles et al.,2010]. In addition to temperature, changes
in albedo (related to reflectance) also contribute to snow melt. Snow has the
highest albedo of any naturally-occurring surface on the Earth, with fresh snow
measuring 80-90% in the near-UV and visible spectrum [Warren and Wiscombe,
1980]. Deposition of light-absorbing impurities (LAI) such as black carbon (BC),
organic carbon (OC), and dust on snow darkens the surface and reduce albedo
[Hansen and Nazarenko, 2004; Andreae and Gelencser, 2006; Painter et al.,
2012]. Even a slight reduction in snow albedo can have significant effects on melt
rates, which can considerably alter the timing and magnitude of peak discharge
[Hall, 2004; Flanner et al., 2009; Skiles et al., 2012].

Warming temperatures and earlier snowmelt have led to an increase in wildfire
frequency, magnitude, severity, and duration in the western U.S. since the 1970s
[Westerling et al., 2006; Littell et al., 2010; Flannigan et al., 2013]. Furthermore,
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fire suppression activities in the Cascade Range and elsewhere have led to an
altered fire regime, resulting in increased forest density and changed species
composition, especially in lower-elevation forests [Arno, 1980; Smith and Fischer,
1997]. This has led to high burn severity wildfires on the eastern slope of the
Cascade Range since the 1970’s that have created large areas of burned forest
exceeding historical conditions [Everett et al., 1999]. From 2000-2012, 80% of all
wildfires in the western U.S. occurred in the seasonal snow zone, burning 44,000
km2 [Gleason et al., 2013]. The summer fire season is projected to extend by 20
days by the middle of this century, while the area burned by fire regionally is
projected to increase by 100-250% [Littell et al., 2010; Flannigan et al., 2013].
Wildfires in the seasonal snow zone affect both snow accumulation and ablation
patterns by decreasing forest canopy, which increases the net solar radiation on
the snowpack [Burles and Boon, 2011; Winkler, 2011; Harpold et al., 2014].
Gleason et al. [2013] recently demonstrated that post-wildfire deposition of
burned woody debris (e.g. charcoal and charred needles, cones, and bark) on
the snowpack reduced albedo and advanced the timing of snowmelt by 23 days
when compared to an unburned forest. Therefore, the snowpack in post-wildfire
forests not only receives more solar radiation due to reduced canopy, but also
absorbs more solar radiation due to reduced albedo. While Gleason et al. [2013]
documented lower albedo due to burned woody debris, they did not address how
these effects vary with burn age, severity, and extent, nor how BC and other LAI
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from burned trees contribute to reduced snow albedo in the post-wildfire
environment.

BC (commonly referred to as soot) is produced by the incomplete combustion or
pyrolysis of biomass and constitutes a small fraction (<1% by mass) of pyrogenic
carbon produced by wildfires [Preston and Schmidt, 2006; Dunn and Bailey,
2012; Liu et al., 2014]. BC strongly absorbs light in the visible spectrum and has
been shown to significantly reduce albedo when deposited on snow and ice
[Hansen and Nazarenko, 2004; Ramanathan and Carmichael, 2008]. Research
in Washington State indicates that the highest observed BC concentrations are
on glaciers during the forest fire season and on the snowpack post-wildfire in
burned forests [Delaney et al., 2015; Kaspari et al., 2015]. However, the degree
to which BC from the charred trees contributes to snow albedo reduction, and
whether this effect lessens with age and distance from the burn site or varies with
burn severity had yet to be investigated. The primary objectives of this study are
to measure how BC deposition in post-wildfire forests varies temporally, spatially,
and with different burn severity. These data are then used to model the
contribution of both changes in forest canopy and deposition of BC and LAI to
post-wildfire snowmelt rates at Table Mountain in central Washington State.

28

2. Methods
2.1 Site Description
Fieldwork was conducted at five different locations in the Okanogan-Wenatchee
and Mt. Baker-Snoqualmie National Forests in Washington State, United States
(Figure 1). All data were collected after peak snowpack as designated by
snowpack telemetry (SNOTEL) sensors in each region
(http://www.wcc.nrcs.usda.gov/snow) as observed BC concentrations in the
snowpack are highest during this period [Delaney et al., 2015]. The primary study
area was Table Mountain, sampled on seven total days in April 2015 and AprilMay 2016. The Table Mountain fire (ignited on September 8, 2012) was sampled
in mixed burn severity areas, with mixed forest density and mostly standing
snags. This area contains the Grouse Camp SNOTEL station (47.2808
N, 120.4878 W, 1,643 m), which was completely burned in the 2012 fire (Figure
2), allowing comparison of snow water equivalent (SWE) and air temperature
measurements from pre- and post-fire years.
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Figure 1. Topographic map of Washington State including the four study sites (A,B,C, and D) and
one control site (E). Insets include burn severity maps with sample locations included in black
circles (modified from MTBS.gov). SNOTEL sites are shown as triangles on the state map, and
labeled for inset A.

For comparison to an older burn area, the Tripod Complex (ignited on July 24,
2006) was sampled in moderate to high burn severity areas with high forest
density and substantial snag fall. The most recent fires in this study both ignited
on August 14, 2015. The Black Canyon fire (part of the Chelan Complex) was
sampled in a moderate burn severity area with low forest density, and was close
to complete ablation. The Lime Belt fire (part of the Okanogan Complex) was
sampled in a high burn severity area with high forest density and all standing
snags. Control samples were collected at the lightly burned Tronsen Meadow
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and unburned Stevens Pass. The former site is adjacent to Table Mountain and
has prior BC deposition data from 2013-2014 [Delaney et al., 2015], while the
latter site is far removed and upwind of any recent regional wildfires. All site data
and forest characterization are included in Table 1.

Figure 2. (A) Pre- and (B) post-fire conditions in 2012 at the Grouse Camp SNOTEL site, which
was classified as high burn severity (photographs courtesy of Scott Pattee).
Table 1. Sample site information and forest characterization (from inciweb.nwgc.gov).
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2.2 Field Methods
Data collection in the field consisted of snow sample collection, on-site
measurements of the snowpack, and photographs to document snowpack
conditions as well as for digital data collection. Prior to disturbing the snowpack
surface, photographs were taken of each sample location using a Panasonic
Lumix DMC-LX5 digital camera. All photographs were taken approximately 50
cm above the surface and include two Spectralon reflectance standard plates (99
and 2 percent reflectance, Labsphere, Inc., North Sutton, New Hampshire),
which were used as a color reference and scale to compare the degree of
surface darkening and the amount and nature of debris between sample sites
(Figure 3a).

Figure 3. (A) Photos showing the degree of surface darkening and the nature and amount of
impurities, with reflectance panels as color standards. (B) Hemispheric photographs used to
determine the degree of canopy closure at each site using Gap Light Analyzer (C).
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Snow samples were collected from the surface (upper 2 cm) at each site in both
50mL polypropylene vials and sealable Whirlpak polyethylene bags using a clean
polypropylene 14 x 25 cm rectangle. Albedo is most strongly affected by the
upper 2 cm of the snowpack, and hydrophobic LAI such as BC and dust
accumulate at the surface during the melt process, further accelerating melt in a
positive feedback [e.g. Doherty et al., 2014]. The entire snowpack was also
sampled at each site using a Snow-Hydro 160 cm coring tube. Density of the
snowpack was calculated using the coring tube dimensions, individual core
sample mass, and the height of the extracted snow core.

After snow sampling, hemispheric photographs were taken of the forest canopy
at each site using a Pentax K-50 digital camera with a Rokinon fish-eye lens
(Figure 3b). These photographs were processed using Gap Light Analyzer 2.0
[Frazer et al., 1999], which pixelates a circular section of each image to
determine the degree of canopy closure (Figure 3c). These photographs serve as
a proxy for forest density and also estimate how much canopy material is
available for deposition on the snowpack.

2.3 Laboratory Methods
2.3.1. Sample Preparation
All snow samples were kept frozen at -18.0˚C until just prior to analysis. Vial
samples were melted directly by partial submersion in a hot water bath, while
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Whirlpak and core samples were transferred to clean, pre-weighed 500mL Pyrex
jars before melting. Following complete melt, all samples were sonicated for 15
minutes prior to analysis in a Branson 5510 sonicator filled with ultrapure
deionized water. All samples were analyzed by SP2 shortly after melting to
minimize losses in measured BC concentrations when stored in the liquid phase
[Menking, 2013; Wendl et al., 2014].

2.3.3. Single Particle Soot Photometer Analysis
The Single Particle Soot Photometer (SP2, Droplet Measurement Technologies,
Boulder, Colorado) measures the number and size of BC particles using
neodymium-yttrium aluminum garnet (Nd-YAG) laser-induced incandescence.
Photometers detect the thermal radiation produced by individual BC particles;
high and low gain broadband channels detect the signal of smaller particles,
while larger particles are detected by high and low gain narrowband channels.
This relatively new method is advantageous due to the use of small sample
volumes (~5 mL), quick analyses (5 minutes to load and measure a sample), and
minimal interference from other LAI in the sample [e.g. Gao et al., 2007; Kaspari
et al., 2011; Schwarz et al., 2012; Torres et al., 2014; Wendl et al., 2014; Mori et
al., 2016]

BC calibration standards ranging from 0.5 to 30 µg/L were prepared daily using
Aquadag (Acheson, USA), a graphite-based lubricant. Calibration curves were
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created to correct measured BC concentrations, and all analyses were blankcorrected based on ultrapure deionized water blanks (~18 MΩ/cm, 25.0˚C).
Samples with a highly-visible impurity load (or samples with measured
incandescent particle concentrations above the highest calibrated value) were
diluted in triplicate, both to check the precision of the dilution and to assess the
heterogeneity of the sample.

Samples were analyzed while being magnetically stirred for increased
homogeneity. The set-up used for these measurements includes an Ismatec
peristaltic pump (Cole-Parmer, Wertheim, Germany) set to 0.140 mL/min and
calibrated every 15-20 samples, that delivers liquid sample to a Cetac Marin-5
nebulizer set to 110˚C heating, 5˚C cooling following Mori et al. (2016). The
Marin-5 receives standard laboratory air at 1,000 sccm (1.000 L/min) that is
regulated by a flow monitor (Alicat Scientific, Inc., Tuscon, Arizona) connected to
a Drierite Gas Purifier, which removes any moisture or particulates from the air.
Raw data was collected using Droplet Measurement Technologies’ SP2
Acquisition Software Version 4.1. Between 5,000 and 50,000 particles were
recorded to a data file for each sample depending on the sample incandescent
concentration (number of particles/cm3 of sample). BC concentrations were
determined using the SP2 toolkit 4000 (Paul Scherrer Institute, Villigen,
Switzerland).
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2.3.4. Gravimetric Filtration
All surface and core samples were vacuum filtered following SP2 analysis to
measure the total impurity load, as well as to conduct further spectrometer
analyses on the filters. After sonication and removal of an aliquot for dilution (if
necessary), the mass of each sample was measured using a Sartorius LE1003S
balance. Samples were then poured into a funnel filtration apparatus fitted with a
pre-weighed 0.45 µm membrane Millipore filter. Samples with low amounts of
visible impurities were filtered using 25 mm diameter filters, while samples with
high visible impurities used 47 mm diameter filters. Extremely high impurity
samples were stirred and evenly distributed onto two filters. Following filtration,
all filters were dried for 24 hours in a custom laminar flow dehydrator equipped
with a HEPA filter, then sealed in individual plastic containers. Dried filters were
weighed using a Sartorius MC5 microbalance, and impurity mass was calculated
as the sum of impurity masses for all filters used for a given sample (in µg)
divided by the snow water mass of each sample (in g). Since the surface
samples include only the top ~2 cm of the snowpack, the BC concentration (from
SP2 analysis) divided by the impurity load is considered a measurement of the
surface mass mixing ratio for all particles [Painter et al., 2012]. All filters were
then separated into qualitative groupings based on the nature of the impurities,
including dust-dominated, woody debris-dominated, and char-dominated
samples. The char-dominated samples include BC and charcoal.
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2.3.5. Spectroradiometer Analysis
To measure how the different impurities types contribute to reduced snow albedo
and how this effect varies with the abundance of each impurity, the filtered
samples were measured for reflectance. After obtaining the sample masses, the
outer perimeter of the filters were cut to remove the edges, and representative
filters from each impurity group (dust, woody debris, and char) were selected for
spectroradiometer analysis in the optics laboratory at Central Washington
University. The filters were selected based on optical thickness of impurities, and
a clear distinction of the dominant impurity type. Filters that had visible
concentrations of more than one impurity type were not considered for optical
measurements due to the qualitative nature of the sample selection.

Selected filters were then measured using a Spectral Evolution PSR+3500
portable spectroradiometer interfaced with a Getac PS336 handheld computer
with DARWin Compact data acquisition software v.1.2.5842 (Spectral Evolution,
Inc., Lawrence, Massachusetts). Filters were placed in a non-reflective Brightic
dish (Brightic GmbH, Nagymaros, Hungary) and measured using the bare fiberoptic cable (25˚ field of view) at a height of 5 cm above the filter. Prior to each
measurement, a reference was taken using a Spectral Evolution 99 percent
reflectance panel, and three Spectralon standards were measured (99, 50, and
10 percent reflectance, Labsphere, Inc., North Sutton, New Hampshire). All
reflectance measurements are calculated as a percentage based on the 99
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percent reflectance panel, and range from 350-2500 nm wavelengths. Each filter
was measured four times, with a 90˚ clockwise rotation between each
measurement to account for variations in impurity thickness and complexity. The
reported reflectance values for each sample represent the average of all
measurements for each impurity type. These values were used to apportion
absorption to BC and non-BC components, which allow an estimate of BC mass
mixing ratio when combined with measures of snow water mass for each sample
[Clarke and Noone, 1985; Doherty et al., 2010].

An additional experiment was conducted in April 2017 to measure the reduction
in albedo for each impurity type by mass. 400 mg of fine char (particles <~1 mm),
coarse char (~5-15 mm), and burned woody debris (~10-30 mm) were deposited
on 625 cm2 adjacent sections of the snowpack in an unburned area at Tronsen
Meadow. 400 mg of impurities represents the 90th percentile of total impurity load
for all surface samples, and 625 cm2 is the approximate surface area of snow
sample collection. Photographs were taken using Spectralon reflectance
standards to compare surface darkening, and snowpack reflectance was
measured using the PSR3500+ spectroradiometer coupled with an 8˚ foreoptic.
Measurements were taken at a height of 15 cm above the snowpack surface,
which yielded a 5.2 cm diameter field of view. The reported values represent an
average of multiple measurements for each impurity type.
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3. Results and Discussion
3.1 Variations in BC Deposition with Burn Age
Field observations indicated that with differing burn age there was a distinct
difference in the amount of charred material left on the trees and deposited on
the snowpack in the years following a wildfire (Figure 4b and 4c). To measure the
difference in BC deposition as burned trees age and decay, snow samples were
collected in forests of varying burn age. Sample ages (denoted as year since fire)
were calculated as the difference in the collection date of the sample and the
ignition date of the corresponding fire, and include 0.7 years for the Okanogan
and Chelan Complexes, 2.65 and 3.75 years for Table Mountain, and 9.8 years
for the Tripod Complex. Samples of differing burn age were compared for: 1) all
burn severities, and 2) only high burn severity to eliminate the effects of burn
severity on BC deposition (discussed below). BC concentrations in surface
samples indicate that BC deposition decreases with sample age (Figure 4a), with
median BC concentrations in high burn severity an order of magnitude higher in
the first winter post-wildfire relative to 9.8 years post wildfire. BC deposition likely
continues beyond the maximum age sampled, but with decreased rates of
deposition.
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Figure 4. (A) Surface BC concentrations in forests of variable burn age, including the 2006 Tripod
Complex fire, 2012 Table Mountain fire (sampled in 2015 and 2016), and the 2015 Chelan and
Okanogan Complex fires. End caps show the 90th percentile and lower limit, boxes show the
75th, 50th, and 25th percentiles. The blue lines represent the average background level from the
unburned control sites. (B) BC concentrations in high burn severity areas of the sites listed above.
Inset photos show (C) the Okanogan Complex site and snowpack conditions and (D) the Tripod
Complex site and snowpack conditions.

The decrease in BC concentration in surface samples with increased burn age is
attributed to the reduction in charred material remaining on the snags as they
decay and fall. Field observations show an evident change in the visible snag
conditions between the younger and older burn sites, especially in the dominant
Abies species (grand and subalpine fir) that shed their outer bark in large
segments [Brian Mize, The Nature Conservancy, personal communication]. The
differences in snag conditions coincide with the amount of material shed onto the
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surrounding snowpack (Figure 4b and 4c). Post-mortem snag decay rates
reported by Everett et al. [1999] and Dunn and Bailey [2012] demonstrate that
thin-barked conifers can decay for up to 80 years following a wildfire, though 50%
of trees in a given burn area will have fallen within 25 years. Significant snag fall
was observed in the Tripod Complex, while virtually all trees in the younger burn
areas remained standing. Median BC deposition in a high-burn severity area in
the Tripod Complex is still at 136 ng/g after 9.8 years. It has been demonstrated
that 30 ng/g BC reduces broadband albedo in new snow by 0-1% and visible
albedo by 1-2%, and aged snow by 0-3% and 1-6%, respectively [Warren and
Wiscombe, 1985]. This results in a corresponding radiative forcing of at least 4
W/m2, so the reduction in albedo after 10 years is still significant enough to affect
melt rates [Hansen et al., 2005; Flanner et al., 2007].

3.2 Variations in BC Deposition with Burn Severity
Changes in the natural fire regime in the eastern Cascades have led to denser
forests and an increased assemblage of fire-susceptible conifer species in low to
mid-elevation forests [Arno, 1980; Smith and Fischer, 1997]. These changes can
lead to an increased fuel load, which may result in higher severity fires [Everett et
al., 1999; Westerling et al., 2006]. To measure how BC deposition on the
snowpack changes with burn severity, snow surface samples were compared for:
1) all post-wildfire study sites, and 2) only the 2012 Table Mountain fire to
account for variations in BC deposition due to differences in elapsed time since
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burn (discussed above). These data were compared to samples collected at
Tronsen Meadow and Stevens Pass in unburned areas adjacent to and far
removed from wildfire areas, respectively. Burn severity data was provided by the
Monitoring Trends in Burn Severity project (MTBS.gov), which uses Landsat
imagery collected since 1984 to map the extent of each burn area, and divide
burn severity into four categories (unburned, low, moderate, and high) based on
the alteration of vegetation and landscape. These maps are used to study the
post-fire effects on landscapes as well as assess hazards including erosion,
increased runoff due to the effects on soil permeability, and snag fall.

Analyses of the Table Mountain samples indicate that BC deposition increases
with increased burn severity by as much as two orders of magnitude (Figure 5a).
Median BC concentrations in unburned and low severity burn areas are 10 ng/g,
consistent with the findings of Delaney et al. [2015]. Median BC concentrations
are 300 ng/g in high burn severity areas (with maximum values up to 5,000 ng/g).
Although the highest BC concentrations in the study are observed in high burn
severity areas, there were also concentrations as low as 20 ng/g in the high burn
severity areas. This wide range of concentrations may be attributed to extensive
sampling to capture the spatial variability at Table Mountain, and heterogeneous
deposition of BC.
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Figure 5. (A) Variations in surface BC concentrations with burn severity in post-wildfire forests
burned in 2006, 2012, and 2015. Unburned sites include Stevens Pass and Tronsen Meadow.
th
End caps show the 90th percentile and lower limit, boxes show the 75th, 50th, and 25
percentiles. (B) Variations in surface BC concentrations with burn severity at Table Mountain,
burned in 2012. Inset photos show representative low (C) and high (D) severity forest at Table
Mountain.

3.3 Spatial Extent of BC Deposition
Previous studies suggest that BC emitted during a wildfire is capable of travelling
great distances from the emission source prior to deposition (e.g. Bisiaux et al.,
[2012]). For post-fire BC deposition, Delaney et al., [2015] demonstrated that BC
concentrations in the snowpack at Tronsen Meadow (proximal to Table
Mountain) in the winter and spring following the September 2012 fire were
elevated (18.4 ng/g within the burn area to 10.4 ng/g in more distal locations)
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relative to the 7.7 ng/g concentration observed prior to the fire. To further
constrain how far BC travels from the source post-wildfire, surface and
subsurface snow samples were collected in a transect at Table Mountain from a
high to low burn severity area. There was large variation in BC deposition (from
core samples) and concentration (from surface samples) within the high burn
severity area (Figure 5), but BC abruptly decreased in the low burn severity
section (Figure 6), suggesting that most BC from charred trees doesn’t travel far.

Figure 6. Burn severity maps of Table Mountain showing a sampling transect spanning high and
low burn severity areas. (A) Black dots represent snow core sites; the adjacent number
2
represents BC deposition in ng/cm . (B) Black dots show surface sample sites; the adjacent
number represents BC concentration in ng/g.

These findings don’t necessarily contradict earlier research, but offer insight into
BC sources and depositional behavior post-wildfire. BC emitted to the
atmosphere during a wildfire could potentially travel a considerable distance prior
to deposition (e.g. Bisiaux et al., [2012]); while in the years following a wildfire,
the primary source of BC on the snowpack is the charred material that remains
on the standing snags. Our limited transect data suggest that these standing
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snags act as a BC reservoir that deposit BC to the immediate vicinity. The rate in
which BC is deposited on the snowpack may be based on individual decay rates
of snags by species, age, and trunk diameter, documented in Everett et al. [1999]
and Dunn and Bailey [2012]. Additional sampling in transects through variable
burn severity and in unburned areas downwind of burned areas would be needed
to further characterize the spatial distribution of BC.

3.4 Contribution of Impurities to Reduced Albedo
Gravimetric filtration of surface and subsurface snow samples was used to
calculate the total mass of impurities in each sample relative to the BC
concentration. The results demonstrate a very large range due to the high
variability in the amounts of both pyrogenic impurities and natural debris on the
snowpack. Qualitative grouping of the filtered samples into char (including BC
and charcoal), burned woody debris (including charred needles and bark), and
dust as the primary impurity allow for a clear distinction in BC/impurity mass and
reflectance values (Figure 7). Samples designated as char-dominated had the
highest BC concentrations (≥500 ng/g), while also having a relatively large total
impurity load (≥200 µg/g). Samples designated as burned woody debrisdominated had lower BC concentrations (≤300 ng/g) while also having very high
impurity loads (≥1,000 µg/g). Samples designated as dust-dominated were
distinguished by both lower BC (<100 ng/g) and lower impurity load (<100 µg/g).
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Figure 7. (A) Surface BC vs. total impurity load for each impurity class (tan for dust, green for
burned woody debris (BWD), and gray for char, unclassified samples in white). (B) Average
reflectance measurements for each impurity class, with upper and lower range for each type. (C)
Filter photographs showing each representative impurity class.

Spectral reflectance of filtered samples suggests clear distinctions for each
impurity class, based on both reflectance and the overall shape of the spectral
curves (Figure 7b). Reflectance is lowest among samples dominated by charred
particles, measuring between 5-10 percent across the visible and near-infrared
spectrum and showing the least variability between samples amongst impurity
classes. Burned woody debris measurements were moderately variable but all
showed unique spectral features in the higher spectrum that agree with the
USGS spectral library reference spectra for dry vegetation [Clark, 1999 figure
16], with average reflectance between 5-30 percent from 350-1000 nm. Dust had
higher variability between samples, perhaps due to compositional differences
such as mineral and organic content, with reflectance between 20-40 percent
46

from 350-1000 nm. Most of the samples had some char component, which
suggests that post-wildfire debris has abundant BC, though this may be due to
extensive sampling in high burn severity areas.

Spectral analysis of filtered impurities artificially deposited on the snow surface
during a field experiment demonstrate that char is more effective at lowering
reflectance than burned woody debris. Fine char has a more homogenous
darkening effect on the snowpack (Figure 8a), as well as lower reflectance for the
same mass of impurities than coarse char (Figure 8b). For the coarse char and
burned woody debris, it was difficult to distribute the impurities evenly across the
625 cm2 surface. An attempt was made to account for this by averaging spectral
measurements from areas of both heavy and light debris loading. A more even
distribution of the coarse impurities would have likely led to a higher measured
reflectance, meaning that fine char would appear even more effective at lowering
reflectance than coarse char and burned woody debris. By separately measuring
fine versus coarse char, it demonstrates that a higher surface area/unit mass
ratio in charred material lowers reflectance to a greater extent. High severity burn
areas have abundant char, and samples collected in these areas have a higher
BC/total impurity mass ratio, while burned woody debris is dominant in lower
burn severity. This suggests that albedo is most strongly affected in higher burn
severity forests, consistent with the BC results presented in 3.2. In addition, fine-
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grained material has the capability to be transported farther from the source prior
to deposition, so there is potentially a larger spatial effect with fine char.

Figure 8. (A) Average reflectance for 400 mg of three light absorbing impurity classes. 0.5 m
snow surface with reflectance standards and (B) fine char, (C) coarse char, and (D) woody
debris.

2

3.5 Post-Wildfire Accelerated Snowmelt
Wildfires contribute to snowmelt by removal of the forest canopy, which
increases incoming solar radiation to the surface, and deposition of LAI, which
increases absorption of this energy. Additional factors that can affect snowmelt
include relative humidity, vapor pressure, wind speed, and snowpack conditions
such as depth, density, and temperature [Skiles et al., 2012]. To quantify the
timing of snowmelt at Table Mountain before and after the 2012 fire, data was
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acquired from the Grouse Camp SNOTEL station, which was completely burned
and is located in an area classified as high burn severity (Figures 1 and 2). Snow
water equivalent (SWE) data were normalized from 2008-2016 to compare the
rate of melt following peak snowpack. These analyses show that peak snowpack
occurred between March and May of each year, but accumulation and ablation
rates varied significantly (Figure 9a). Peak accumulation occurs earlier in postwildfire years, which is congruent with reduced snow interception by canopy
removal (e.g. Harpold et al. [2014]). However, maximum SWE was average or
lower than average in all post-wildfire years compared to pre-wildfire. This differs
from previous studies suggesting higher peak snow accumulation associated
with canopy removal (Burles and Boon, 2011; Winkler 2011; Harpold et al.,
2014). Complete ablation in the post-wildfire period (2013-2016) occurred an
average of 48 days earlier than in the pre-wildfire period (2008-2012). To
compare how much of the earlier snowmelt is due to post-wildfire effects as
opposed to variations in regional climate, SWE was also normalized for the
nearby Blewett Pass and Stevens Pass SNOTEL stations (Figure 9b and 9c).
Blewett Pass is adjacent to the Table Mountain burn area, and Stevens Pass is
completely removed from any wildfire areas. All of the sites showed similar
accumulation and ablation trends, with earlier peak accumulation in 2008-2012,
earlier ablation in 2013-2016, and anomalously early ablation in 2015, a low
snow accumulation year. Complete ablation occurred an average of 21 days
earlier in 2013-2016 at Blewett Pass and 23 days earlier in 2013-2016 at Stevens
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Pass relative to 2008-2012. This demonstrates that 26 days of accelerated
snowmelt are the result of post-wildfire effects. Neither of the unburned sites
experienced canopy removal associated with wildfires, though Blewett Pass may
have elevated post-wildfire BC deposition due to proximity to several large
wildfires, demonstrated by Delaney et al. [2015] at Tronsen Meadow.

To assess the role of temperature in these snowmelt trends, maximum and
average air temperatures at Grouse Camp were normalized for 2006-2012. For
each year, maximum and average daily temperatures were added from peak
snowpack to complete ablation, and divided by the number of days in this period
(Figure 10). Complete snowmelt occurred earlier in all post-wildfire years despite
normal to lower maximum and average temperatures during the ablation period.
This demonstrates that accelerated snowmelt on Table Mountain is not a function
of increasing temperature, but some combination of canopy removal and
deposition of post-wildfire LAI.
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Figure 9. Normalized snow water equivalent (SWE) at (A) Grouse Camp SNOTEL, (B) Blewett
Pass SNOTEL, and (C) Stevens Pass SNOTEL, with solid lines representing the averages of the
pre- and post-fire periods at Table Mountain.
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Figure 10. Normalized snow water equivalent (SWE) and maximum and average temperatures
from peak snowpack to complete ablation at the Grouse Camp SNOTEL on Table Mountain from
2006-2016.

4. Conclusions
Wildfires in the eastern Cascade Range contribute to snowmelt through removal
of the forest canopy, which increases incoming solar radiation to the surface, and
post-wildfire deposition of BC and other LAI that increase absorption of solar
radiation. Our research shows that burned trees in post-wildfire forests provide a
continued source of BC for at least a decade following a wildfire, and this effect is
elevated in areas of higher burn severity. This deposition appears to be
predominantly localized to the area immediately surrounding the burned trees,
but as long as charred material remains on standing trees, BC deposition can be
elevated for years to potentially decades post-wildfire.
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Snowmelt occurred approximately 48 days earlier in the post-wildfire period
(2013-2016) at Table Mountain relative to the pre-wildfire period (2008-2012),
compared to an average of 22 days in unburned forests from 2013-2016 relative
to 2008-2012. This demonstrates that post-wildfire effects accelerated snowmelt
by 26 days following the Table Mountain fire. This earlier melt is attributed to both
decreased canopy cover, and higher deposition of BC and other LAI post-wildfire.
Understanding the connection between wildfires and snowmelt has serious
implications for water resources and understanding climate change feedbacks.

In Washington State, warming temperatures have led to an observed decrease in
the extent and duration of the seasonal snowpack. There has also been an
observed increase in wildfire frequency, magnitude, severity, and duration in the
western U.S. since the 1970s [Westerling et al., 2006]. Current climate change
models indicate that the snowpack in the Cascades will decrease [Elsner et al.,
2010; Miles et al., 2010], while the area burned by wildfires and the duration of
the fire season are expected to increase [Littell et al., 2010; Flannigan et al.,
2013]. Predicting the impact of these changes requires a better understanding of
the connection between wildfire activity and snowmelt. Studies such as this will
provide important information for improved water resource and land
management, and updated strategies for meeting ecological and societal water
demands. Our research may also help to improve our understanding of snowmelt
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processes, which currently contain large uncertainties in the energy balance
components and often do not account for the role of BC and other LAI.
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CHAPTER IV
CONCLUSIONS

Wildfires in the eastern Cascade Range affect both snow accumulation
and ablation patterns. Previous studies demonstrate that snowmelt in postwildfire forests is accelerated through removal of the forest canopy, which
increases incoming solar radiation to the surface [Burles and Boon, 2011;
Winkler, 2011; Harpold et al., 2014], and post-wildfire deposition of burned
woody debris that increase absorption of solar radiation [Gleason et al., 2013]. In
addition, recent studies have shown that BC concentrations on the snowpack
and glaciers are elevated in the proximity of wildfires in Washington State
[Delaney et al., 2015; Kaspari et al., 2015]. The purpose of this study is to build
on these concepts by investigating the role that post-wildfire BC deposition has in
accelerating snowmelt, and how this effect varies spatially and temporally, as
well as with varying burn severity. Our research shows that burned trees in postwildfire forests provide a continued source of BC for at least a decade following a
wildfire, and this effect is elevated in areas of higher burn severity. The highest
deposition appears to be localized to the area immediately surrounding the
burned trees, but as long as charred material remains on standing trees, BC
deposition can be elevated for years to potentially decades post-wildfire.
Snowmelt occurred approximately 48 days earlier in the post-wildfire
environment than in the pre-wildfire environment, which is attributed to both
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decreased canopy cover, and higher deposition of BC and other LAI post-wildfire.
The data from this study is also being used to synthesize a snowpack energy
balance model (e.g. Marks and Dozier, [1992]; Marks et al., [1992]; Skiles et al.,
[2012]) to constrain the contribution of canopy changes and LAI deposition to
accelerated snowmelt. This model will also quantify the effects of environmental
factors such as incoming solar radiation, wind speed, and relative humidity on
snowmelt rates at Table Mountain. Understanding the connection between
wildfires and snowmelt has serious implications for water resources and
understanding climate change feedbacks. In Washington State, warming
temperatures have led to an observed decrease in the extent and duration of the
seasonal snowpack [Mote et al., 2005], while current climate models project a
further decrease in the spring snowpack [Elsner et al., 2010; Miles et al., 2010].
There has also been an observed increase in wildfire frequency, magnitude,
severity, and duration in the western U.S. since the 1970s [Westerling et al.,
2006], with the fire season projected to extend by 20 days [Littell et al., 2010],
and the area burned by fire regionally is projected to increase [Flannigan et al.,
2013]. Predicting the impact of these changes requires a better understanding of
the connection between wildfire activity and snowmelt. Studies such as this will
provide important information for improved water resource and land
management, and updated strategies for meeting ecological and societal water
demands. Our research may also help to improve our understanding of snowmelt
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processes, which currently contain large uncertainties in the energy balance
components and often do not account for the role of BC and other LAI.
Since this study suggests that the highest concentrations of BC are
localized to the immediate vicinity of a snag, we propose that BC deposition at
each waypoint could be indicative of the burn severity of the sample area. This is
dependent on a number of other factors such as snag density, decay and fall
rates for different species assemblages, and with the understanding that BC
concentrations are highly variable within high burn severity areas. Further
sampling and characterization of BC deposition may allow BC concentrations on
the snowpack in a given burn severity to be estimated if the age of the fire is
known, but there is limited data to support this.
Data collected in the field that proved inconclusive or unreliable include
canopy density and snowpack reflectance. The hemispheric photographs used to
measure canopy density are inconsistent due to sun exposure, which washes out
the pixelated image and may underestimate canopy density. In addition, the
output from the Gap Light Analyzer program appears to be inaccurate, as sites
that were observed as densely forested sometimes had lower calculated
percentages of canopy density. Reflectance was measured in the field using the
Spectral Evolution PSR3500+, and initial measurements showed high variability
at each site. This was a newly acquired instrument, and some uncertainty is due
to inexperience. Some variability is likely due to heterogeneous impurity
deposition, as well as variable solar and cloud conditions. This was also

62

complicated by shading and reflectance from vegetation. While these initial
reflectance measurements were not used in this study, further refinement of
measurement techniques led to improved accuracy with the PSR3500+, resulting
in the inclusion of field measurements of artificially deposited impurities (see
section 3.4 and Figure 8 of the journal article).
Future work involving more intensive sampling for each parameter (age,
spatial, and burn severity) would be beneficial to further constrain BC deposition.
Additional sampling in older post-wildfire forests (with burn age greater than 10
years) would further constrain BC deposition with age. Multiple transects
spanning several kilometers through areas of variable burn severity would be
useful to further constrain the spatial variability of BC deposition. Future efforts to
classify the snag assemblage in post-wildfire forests and correlate forest
composition with decay rates and BC deposition would also help connect the
results of this study with wildfires in other geographic locations. In addition,
further refinement of the analytical techniques described in the previous
paragraph, as well as the use of remote sensing data for canopy cover
measurement would be useful to further understand BC deposition by snags in
varying forest conditions.
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